Abstract The account article treats with the characterizations of the structural and electronic transformations of Pt/C, Pt 3 Co/C, and Pt 3 Ni/C cathode electrocatalysts in polymer electrolyte fuel cells (PEFCs) involving Pt charging/discharging, Pt-O bond formation/breaking, and Pt-Pt bond breaking/reformation in cathode potential-jump processes and the rate constants of those transformations in the surface reaction sequences on the cathode electrocatalysts by in situ time-resolved X-ray absorption fine structure (XAFS) method. Spatially heterogeneous issue and mechanism for the Pt oxidation and degradation of Pt/C cathode electrocatalyst layers in PEFCs under the operating conditions, which should be uncovered for development of next-generation PEFCs, were also characterized by a scanning nano-XAFS mapping method and a laminography-XAFS method, respectively for 2D and 3D visualizations of Pt chemical species in Pt/C cathode electrocatalyst layers. These XAFS techniques provided new insights into critical issues affecting the performance and property of practical PEFCs under the operating conditions.
Introduction
In these decades polymer electrolyte fuel cell (PEFC) has attracted much attention as one of the most efficient clean energy generation systems, bringing low or even zero emissions into reality, which is considered to be suitable for automotive applications due to high power density at low temperatures. Indeed, PEFC vehicles have been announced to be commercialized in 2015. This is an epochmaking technology, but for widely spread commercialization of PEFC vehicles including cars for business use, further improvements of the oxygen reduction reaction (ORR) activity and durability of cathode electrocatalysts, reducing the cost of PEFC stacking, are indispensable. To solve these problems, in situ/operando techniques, which can directly characterize cathode electrocatalysts in membrane electrode assembly (MEA) of PEFC, validate catalyst fabrications, and prove fundamental issues for development of next-generation PEFCs, are mandatory. Particularly, it is necessary to elucidate key factors affecting the performance and durability of cathode electrocatalysts in PEFCs though lots of studies have been devoted to these essential problems [1, 2] .
However, there are few suitable techniques for characterizing the structures and chemical states of MEA electrode catalysts under the PEFC operating conditions in the wet, heterogeneous and multiphasic reaction field. Catalyst characterizations using NMR, Raman, FT-IR/ATR-IR, TEM/SEM, XRD, neutron scattering, soft-x ray XPS, etc. have extensively been studied [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , but they are difficult to observe the dynamic and spatial behavior and transformation of Pt nanoparticles under PEFC operating conditions. In situ time-resolved X-ray absorption fine structure (XAFS) techniques are very powerful for in situ/ operando investigation of the local coordination structures and oxidation states of supported nanoparticle catalysts under working conditions particularly in such complex systems as PEFCs, involving Pt valence change and Pt-O/ Pt-Pt bonds transformation [14] [15] [16] [17] [18] [19] [20] . These key reaction processes, which regulate the durability of PEFCs as well as the ORR activity, may occur heterogeneously in the space of the cathode layer due to the spatially heterogeneous property and distribution of Pt nanoparticles and carbon supports and the microscopically non-uniform potentials loaded in the cathode layer under PEFC potential operations [21] .
Since our first in situ XAFS observation of the structural change of catalyst itself in elementary reaction steps involving an intermediate structure during the course of the catalytic ethanol oxidation on a supported Mo dimer catalyst in 1985 [22] and also in situ XAFS observation of metal-metal bond breaking/reformation behavior of a supported Rh dimer catalyst during metal-assisted ethylene hydroformylation in 1990 [23] , by using home-made in situ XAFS cells, nowadays in situ XAFS technique has been widely applied to structural and electronic characterization of a variety of catalysts under working conditions and more explicitly during conducting and analyzing the catalysis (often called operando) [24] [25] [26] . In situ time-resolved XAFS technique in real-time processes enables to determine reaction sequences and structural changes at active metal sites/ensembles in dynamic catalytic processes involving adsorption, diffusion and reactions as reported by our groups in 2000-2011 [27] [28] [29] [30] [31] [32] [33] [34] [35] . We carried out the world's first successful quick-XAFS (QXAFS) observation and thorough analysis of structural changes of a PEFC Pt/C cathode electrocatalyst in voltage cycling processes (0.4 ¡ 1.0 V vs RHE) and succeeded in deciding six elementary reaction steps and their rate constants in 2007 [14] . The QXAFS analysis revealed significant time lags among the changes in cell current and the structural transformations and definite hysteresis in the structural kinetics in the Pt/C cathode electrocatalyst in the voltage cycling processes. Thus, in situ real-time XAFS can provide unique and useful information on structural kinetics/ dynamics of MEA Pt/C under PEFC operating conditions, which should be relevant to ORR activity and durability of the MEA catalysts.
The key reaction processes, which regulate both ORR activity and durability of PEFC Pt/C cathode electrocatalysts, may occur heterogeneously in the space of MEA cathode layer due to the spatially heterogeneous property and distribution of Pt nanoparticles and carbon supports and the microscopically non-uniform potentials loaded in the cathode layer under PEFC potential operations [21] . The cathode degradation mechanism has also been studied to improve the MEA durability, which becomes more serious issue [1, [36] [37] [38] [39] . Therefore, the nanoscopic spatial place and mechanism of the dissolution and deterioration of the Pt/C cathode electrocatalysts in MEAs should be uncovered to develop next-generation PEFCs with high durability. Recently, 2D and 3D micro-and nano-scale observations of catalysts, batteries, etc. using X-rays have been reported [4, 5, 7, [11] [12] [13] . Some of those techniques can provide a new insight into the spatially heterogeneous issue and mechanism for the degradation of Pt/C and Pt-M alloy/C cathode electrocatalyst layers in PEFCs.
There was no synchrotron beamline capable of conducting the XAFS measurements of PEFCs with high time and spatial resolutions under operating conditions. Therefore, in 2013 we constructed a new XAFS beamline BL36XU [40] under a New Energy and Industrial Technology Development Organization (NEDO) program, which provides high time-and spatially-resolved XAFS methods along with several complementary techniques for characterizations of the cathode electrocatalysts in PEFC MEAs. A fast scanning microscopic nano-XAFS system for low concentration samples is installed at BL36XU [41] . In this method, 2D X-ray fluorescence images are measured by fast scanning of a sample at each energy point of the XAFS measurement using the X-ray beam of about 100 9 100 nm focused on samples by a Kirkpatrick-Baez mirror.
We have succeeded in mapping Pt chemical species in Pt/C cathode catalyst layers by a scanning nano-XAFS mapping method and by a nano-QXAFS method, and obtained a new insight into nano-spatial information on the site-preferential oxidation and leaching of Pt cathode nanoparticles in degraded PEFCs [42] . Spatially-resolved XAFS analysis was also successfully carried out on a single particle of a practical catalyst for the first time [43] . Significant progress has been made in visualization of the spatial distribution of metal oxidation states inside a single catalyst particle by the scanning nano-XAFS technique [44] . Three dimensional spatial visualization of PEFCs in a non-destructive manner has become a state-of-the-art topic for understanding various phenomena in MEAs relevant to the performance and property of PEFCs [45] [46] [47] [48] [49] [50] . We carried out the first 4D visualization of structures and chemical states of a Pt/C cathode electrocatalyst layer in PEFC MEA by a newly developed X-ray computed laminography (XCL)-XAFS method combining 3D XCL imaging and XAFS spectroscopy [21] .
In this account article we treat with the key factors affecting the performance and durability of electrocathode catalysts in PEFC MEAs by the in situ time-resolved and spatially-resolved XAFS techniques, describing our recent characterizations of elementary steps and structural kinetics of the ORR performances by in situ time-resolved XAFS method, and depicting 2D and 3D spatial mappings of the quantity and chemical species of Pt in MEAs by the scanning nano-XAFS mapping and XCL-XAFS methods [21, 42, 51] . Platinum-based bimetallic nanoparticles with 3d transition metals (e.g. Pt 3 Co, Pt 3 Ni, etc.) have been studied as one of the promising candidates for cathode electrocatalysts in PEFCs to achieve the higher cell performance and durability compared to those of Pt/C [52] [53] [54] [55] [56] [57] . The promoting effects of alloying of Pt with Co, Ni, etc. have been studied by various techniques such as theoretical calculations [58] [59] [60] [61] [62] , transmission electron microscopy [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] , and photoelectron spectroscopy [55, 68, 69] . Although these studies have revealed relationships between the ORR enhancements and the bimetal structures, the details of dynamic surface events taking place at the cathode electrocatalyst surface remain unclear, including individual redox processes under PEFC working conditions. In situ time-resolved XAFS spectra of Pt/C, Pt 3 Co/C, and Pt 3 Ni/C cathode electrocatalysts in MEAs were successfully measured every 100 ms for voltage cycling processes between 0.4 and 1.0 V vs RHE [51] . The size of the MEA was 3.0 9 3.0 cm 2 , and catalyst loadings at the cathode were 0.5 mg PtM/Pd cm -2 (M = none, Co, or Ni). The MEA was sandwiched into an in situ XAFS cell with Teflon gaskets at both cathode and anode sides. Flows of pure H 2 ([99.99999 % grade) to the anode and pure N 2 ([99.99995 %) or air (G1 grade) to the cathode were regulated using mass-flow controllers. The gases were bubbled through humidifiers at 351 K. The humidified gases were supplied to the in situ XAFS cell at 353 K. The back-pressures were 2 kPa at the anode and 3 kPa at the cathode. The cell voltage between the anode and the cathode was controlled using a P/G stat (VSP, BioLogic Science Instruments Co., Ltd.) with a current amplifier (VMP 3B-20, BioLogic Science Instruments). View of the BL36XU experimental hutch and an in situ time-resolved XAFS experimental setup around the sample stage are shown in Fig. 1 .
Systematic analysis of in situ time-resolved X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra in the molecular scale revealed the structural kinetics of the Pt and Pt 3 M (M=Co, Ni) bimetallic cathode electrocatalysts under PEFC operating conditions, and the rate constants of Pt valence change, Pt-O bond formation/breaking, and PtPt bond breaking/reformation relevant to the fuel cell performance and durability were successfully determined. The results in the voltage cycling processes, that is, the potential-jump processes of 0.4 ? 1.0 V and 1.0 ? 0.4 V vs RHE, are summarized in Fig. 2 [51] .
The changes in the white line heights of the in situ timeresolved QXANES spectra for the voltage cycling processes were plotted against the response time in Fig. 2 (2). It should be noted that there were significant differences in both variation range and absolute value between the white line peak heights of the Pt/C, Pt 3 Co/C, and Pt 3 Ni/C electrocatalysts. The valence level of the Pt/C electrocatalyst at 0.4 V was metallic. The white line peak heights of Pt 3 Co/C and Pt 3 Ni/C at 0.4 V were less than that for Pt/C, indicating electron transfer from Co or Ni to Pt. This is similar to our previous results for a Pt 3 Co/C electrocatalyst with 6 mg-PtCo cm -2 [15] . As for the structural parameters [51] . The electrochemical processes immediately proceeded and then structural changes of the Pt electrocatalysts (charging/discharging, Pt-O bond formation/breaking and Pt-Pt bond breaking/reformation) proceeded. The aspects of the rate constants for the three electrocatalysts are similar to each other, indicating the similar reaction mechanisms at the cathode electrocatalyst surfaces. It should be noted that the rates of the structural transformation for the three cathode electrocatalysts were in the order of Pt 3 Co/C [ Pt 3 Ni/C [ Pt/C. Figure 3 (bottom A) shows the variation of the Pt L IIIedge XANES white line peak heights at 0.4 V with the specific power density [51] , which is in agreement with the linear relationship between ORR activity and d-band center shift for Pt 3 Co, Pt 3 Ni, and Pt [70] [71] [72] . Although we did not investigate the particle size effect on the structural kinetics, the ORR kinetics may not be affected by the particle size of Pt cathode electrocatalysts (below 5 nm size) [73, 74] . The enhancements of the rate constants by the Co and Ni addition to Pt/C are shown in Fig. 3 (bottom) [51] . The increments compared to Pt/C were larger for the potentialjump process of 1.0 ? 0.4 V than the 0.4 ? 1.0 V jump process. Figure 3 (bottom C) revealed that the rate [51] enhancement of the structural kinetics of the Pt electrocatalysts has a positive correlation with the cell performance (regarded as catalyst activity approximately in this condition). The Pt-O bond breaking at the electrocatalyst surface as well as the reduction of Pt valence is known to be a key step in the steady-state ORR [58-62, 70-72, 75] . The present results of the in situ time-resolved XAFS analysis demonstrate a nearly linear relationship between the increase of the rate constants k The new beamline BL36XU that we designed and constructed with JASRI/SPring-8 under a NEDO program in 2013 [40] and experimental setup for nano-XAFS measurements are shown in Fig. 5 . The beamline BL36XU is the worldwide only-one and high-performance beamline for real-time and spatially-resolved XAFS for PEFCs under the operating conditions. To measure the scanning nano-XAFS and nano-QXAFS spectra, we prepared two types of MEAs as typical examples: (a) MEA with a flat interface and few microcrack (denoted as MEA-A) and (b) MEA with micro-cracks (denoted as MEA-B). These MEAs were electrochemically treated with aging by I-V load cycles and accelerated durability test (ADT) by rectangle cycles between 0.60 and 1.0 V vs RHE. We applied the ADT cycles to both MEA-A and MEA-B until the maximum power density decreased by 25 % from those of the aging MEAs. The Pt nanoparticles (2.5 nm) at the cathode grew to 8.5 nm on average by the ADT cycles. Sliced MEA samples were used for the nano-XAFS measurements. For slicing the sample pieces, a cryo-type Ultra microtome (Leica EM UC7) was used at sample temperature 298 K, blowing humid N 2 . After slicing the sample, we put the sample to the humid N 2 -filled glove-bag again, then put the sliced sample on a SiN membrane substrate (1 lm thick). The sliced samplemembrane was put in a designed XAFS cell and nano-XAFS spectra were measured. The resultant nano-XAFS spectra are regarded to be equivalent to the nano-XAFS spectra measured in situ after the aging and ADT cycles because the spatial aspect of the degradation is irreversible in the time scale under the present experimental conditions. For the nano-XAFS measurements, nano-beams of 570 9 540 nm 2 and 228 9 225 nm 2 were used. We performed the scanning nano-XAFS mappings every 1 lm step in the 45 9 45 lm 2 or 125 9 95 lm 2 regions. We also carried out nano-XAFS measurements by the nano-QXAFS method. The acquisition time for the scanning nano-XAFS and nano-QXAFS measurements was 1.6 s or 15 min for each spectrum, respectively. We used the scanning nano-XAFS for XANES analysis and the nano-QXAFS for EXAFS analysis. Figure 6 shows the scanning nano (570 9 540 nm 2 (A, a, B, b) Pt L III -edge XANES mapping for MEA-A before (A-C) and after (a-c) the durability test; A and a: Pt quantity mapping, B and b: Pt valence mapping. Figure 6 corresponds to 2D depth mapping of the MEAs. In the aging MEA-A the Pt valence mapping (B) in the observed whole cathode area did not show any change significantly. The line profiles of the Pt quantity (blue) and Pt valence (red) along the red arrow of Fig. 6 B are shown in Fig. 6 C, which elucidates that the Pt valence is metallic in the whole region. In contrast, the distribution of Pt quantity in MEA-A after the ADT cycles was heterogeneous (Fig. 6 a) . Interestingly, the Pt valence mapping (Fig. 6 b) characterized the unique region between the cathode layer edge and Pt band. The line profiles of the Pt quantity (blue) and Pt valence (red) along the red arrow of Fig. 6 b are shown in Fig. 6 c. It is to be noted that the Pt valence in the cathode layer began to increase from the place at the distance of roughly 3.2 lm far from the cathode layer edge and showed a maximum (0.33?) at d of the line profile c in the electrolyte membrane toward the Pt band as shown Fig. 6 . Thus, the Pt valence mapping of Fig. 6 b visualizes the existing area of oxidized Pt species in the degraded MEA-A. At the other parts than the boundary areas in the cathode layer no oxidized Pt species were observed. The resultant oxidized Pt species is suggested to be produced first in the boundary of the cathode electrocatalyst layer during the operating process involving repeated potential loads, while keeping the Pt nanoparticles at the other parts of the cathode electrocatalyst layer to be metallic. Figure 7 exhibits the Pt L III -edge jump mapping (A), normalized white line peak area (WLPA) mapping (B) and Pt valence mapping (C) around the Pt/C cathode layer with a micro-crack, in MEA-B after the ADT cycles. It is to be noted that the Pt valence in most parts of the micro-crack region was calculated as 2? by the linear relationship between the normalized WLPA and Pt valence [17, 76, 77] , whereas Pt nanoparticles in the other cathode areas were metallic as shown in Fig. 7C . The aging MEA-B exhibited the metallic Pt 0 valence similar to the aging MEA-A in Fig. 6B . Figure 7D shows the line-scan profiles of the Pt L III -edge jump (Pt quantity) and Pt valence in the scanning nano-XAFS spectra along the red arrow of . During the ADT cycles, Pt nanoparticles at the boundary of the Pt/C cathode layer toward the micro-crack are regarded to be first oxidized, then dissolved into the ionomers with moisture in the micro-crack region. The possibility that the oxidized Pt species might have formed elsewhere in the cathode electrocatalyst layer in the MEA-B and migrated toward the micro-crack during the ADT cycles may be excluded because the metallic Pt nanoparticles in the other parts of the cathode layer than the 1.2/2.4 lm areas around the micro-crack were not oxidized to dissolve significantly by the ADT cycles at the early stage of the degradation. As for the other micro-crack areas 2-4 of Fig. 7B , the CNs of Pt-Pt and Pt-O were 1.0-1.8 and 2.7-3.1, respectively, where the Pt valences are estimated as 1.8-1.9?. It is probable that both small Pt 0 clusters and Pt 2? -O 4 species coexist in the micro-crack areas 2-4. Thus, the micro-cracks larger than about 2 lm as well as about 3 lm boundary are suggested to promote the MEA degradation by oxidizing and leaching Pt nanoparticles as Pt 2? -O 4 coordination species. These results and information on the degradation mechanism could be used to design MEA cathodes with better durability.
Spatial Visualization of a Cathode Pt/C Layer in PEFC MEA by a 3D XCL-XAFS Method
XCT can be applied to a sample smaller than observation field area in all projected directions of XCT, but in general it cannot analyze a flat sample. On the other hand, X-ray computed laminography (XCL) is applicable to partial 3D imaging of a such-shaped sample [78] [79] [80] . X-rays from an undulator were monochromatized by a Si(111) doublecrystal monochromator to irradiate an MEA sample through a rotating beam diffuser to reduce speckle noises coming from optical components in the X-ray beam path. A high spatial resolution X-ray image detector consisted of a visible light conversion unit (BM3, AA50, Hamamatsu Photonics) and a cooled charge coupled device (CCD) camera (C-4880-41S, Hamamatsu Photonics) were used. A field of view of the sectional image (X-Y section) obtained from laminography reconstruction was 400 9 400 lm 2 . The rotational axis of the MEA sample was inclined from the vertical direction to 30°as shown in Fig. 8 [21] . The whole sample was fixed on the acrylic sample holder using metallic retainer plates. Sectional images were reconstructed using a filtered back projection method, considering the inclination of the rotational axis. The 3D image was constructed by stacking X-Y sectional images along Z axis. In the laminography reconstruction, however, it is impossible to reconstruct a complete 3D image because of the inclination of the rotational axis. Therefore, there is a difference of spatial resolution depending on the direction of the reconstructed 3D image. The spatial resolution in the reconstructed plane (X-Y plane) is 1.5 lm, while the spatial resolution in the depth direction (Z direction) is approximately 5 lm [21] .
We succeeded in reconstructing 3D images of the distributions of Pt nanoparticles in the cathode catalyst layer in the fresh and degraded MEAs by the XCL-XAFS ) XAFS mapping method. C and c: Line profiles of the absorbance (l) at 11.600 keV (blue) and Pt valence (red) in the scanning nano-XANES spectra along the red arrows in B and b, respectively. The cathode boundary with the polymer electrolyte membrane in the line profile c was enlarged to exhibit the preferentially oxidized region. D and E: Pt L III -edge jump mapping (Pt quantity mapping) and Pt valence mapping, respectively for another MEA-A piece after the aging by the scanning nano (228 nm x 225 nm) XAFS mapping method. The quantity scale in D is not equivalent to that in A. Figure 6 was revised from Fig. 2 of Ref. [42] technique as shown in Fig. 9 [21] . Bright and dark areas indicate high and low Pt concentrations, respectively. In the fresh MEA, Pt nanoparticle catalysts were almost fully and mostly uniformly loaded throughout the cathode electrocatalyst layer [ Fig. 9 (A-1) ]. Note that the distribution of Pt nanoparticles changed markedly in the three dimensions for the degraded MEA [ Fig. 9 (B-1) ]. There were several aggregated Pt spots colored with red heterogeneously, indicating sintering and breakdown/dissolution of Pt nanoparticles in MEA during ADT cycles. Besides, large cavities were observed, indicating carbon corrosion. These results suggest that Pt dissolution, breakdown, migration and aggregation as well as carbon corrosion spread throughout the cathode electrocatalyst layer in the degraded MEA. It has been reported that Pt nanoparticles on carbon supports migrate with ease under the repeated durability testing conditions, resulting in dissolution, detachment, and agglomeration [81, 82] .
Depth (Z)-resolved XANES spectra were successfully obtained by integrating 3D XCL-XANES spectra over the X-Y plane at each depth in the X-ray energy range of 11.439-11.608 keV [ Fig. 9 (A-2 and B-2)] . A difference in the edge intensity of the Pt L III -edge XANES spectra indicates difference in the Pt quantity in the MEAs along the Z depth. In the fresh MEA, the Pt quantity gradually increased with depth and reached a maximum at about [21] 170 lm deep [ Fig. 9 (A-2) ]. Pt L III -edge 3D XCL-XANES spectra for different parts of the electrocatalyst layer were similar to each other, indicating that the Pt catalysts in those areas were in similar chemical states. In contrast, a series of depth-resolved XCL-XANES spectra of the degraded MEA were wavy in the Z direction, which probably reflects the degradation of the MEA [ Fig. 9 (B-2) ] [21] . Figure 9 B3 and B4 shows a typical cross-sectional image of the Pt quantity in the degraded MEA observed by the 3D-laminography-XANES technique and 3D-laminography-XANES spectra for particular areas at a depth Z of 113.2 lm, respectively. In the fresh MEA, no significant aggregation of the Pt catalysts was observed, and the Pt catalysts in the whole area were in similar chemical states (not shown here). In the degraded MEA, the chemical states of the Pt catalysts changed, depending on the area/ position in the cathode layer. The white-line intensity had a lower maximum intensity at the Pt L III -edge in the area where aggregation occurred (b1) than the area where Pt Figure 9 was revised by merging Figs. 1, 2, and 3 of Ref. [21] was evenly distributed (b2). The 3D XCL-XANES spectra mapping visualized the heterogeneous chemical states of the Pt nanoparticle electrocatalysts in the cathode layer in the degraded MEA, which cannot be monitored by conventional XAFS method which averages 3D structural information with different chemical states in the MEA. Indeed, the 3D XCL-XANES spectra integrated for the entire cathode electrocatalyst layer agreed with the XANES spectra measured by the conventional XANES technique [21] . The dissolution, breakdown, detachment, migration, and agglomeration of Pt nanoparticles may be promoted by the carbon corrosion to make cavities and cracks.
The nano-focused XAFS and XCL-XAFS methods are very unique and powerful in study on such complex functional materials and systems as PEFC MEAs. Nevertheless, in situ nano-XAFS and XCL-XAFS techniques for time-dependent mapping of the quantity and chemical species of Pt or active metals in PEFC MEAs under various PEFC operating conditions will provide new impacts to further understanding and more detailed discussion of the MEA degradation mechanism and performance property for development of next-generation PEFCs.
Conclusions
Key factors affecting the performance and durability of cathode electrocatalysts in PEFC MEAs were characterized and discussed by in situ real-time and spatially resolved XAFS techniques. Systematic analysis of the in situ timeresolved QXAFS spectra provided the reaction sequences and rate constants of the dynamic surface events on the Pt/ C, Pt 3 Co/C, and Pt 3 Ni/C cathode electrocatalysts in the potential-jump processes from 0.4 to 1.0 V and from 1.0 to 0.4 V vs RHE. The redox reactions on the Pt-based bimetallic electrocatalysts with Pt-enriched surfaces and Pt-Co/Ni bimetallic cores between 0.4 and 1.0 V took place on the Pt-enriched surfaces at the similar mechanisms for all three electrocatalysts. We found notable increase in the rate constants of the structural kinetics, in particular, in the rate constants k The present spatially-resolved nano-XAFS study on the MEAs enabled to map the Pt valence and to identify the major places for the oxidation and dissolution of Pt nanoparticles by the ADT cycles. This technique gained new insights into the 2D distribution of metallic and oxidized Pt species and the site-preferential mechanism for Pt oxidation and dissolution to form the Pt 2? monomeric species with a Pt-O 4 coordination structure in the degradation process. The 3D XCL-XAFS technique also provided a new way of the 4D visualization of the structure/morphology, Pt distribution, and chemical states of the cathode electrocatalyst layer in PEFC MEA in a non-destructive manner. The spatially-resolved 3D XCL-XANES revealed the 3D spatially heterogeneous presence of aggregation and chemical states of the Pt nanoparticle electrocatalyst in the degraded MEA.
In situ time-resolved and spatially-resolved XAFS techniques are promising techniques, which can address critical issues and mechanisms for the ORR performance and degradation of the MEA cathode electrocatalysts and also aid the further development of next-generation electrocatalysts, by presenting real-time structural kinetics/ dynamics of potential-dependent surface reactions on cathode electrocatalysts and mapping time-dependent chemical changes of Pt nanoparticles in PEFC MEAs under various electrochemical conditions in a non-destructive manner. The techniques can be consorted with other new techniques such as in situ 3D XCT, real-time XRD, ambient-pressure HAXPES, etc. The developed XAFS techniques may also be applied to a variety of other functional materials such as catalysts, solid-oxide FCs, batteries, devices, biomaterials, etc., particularly under in situ/operando conditions.
